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 has bred 
soybeans for the Agricultural Research Ser-
vice for 30 years, but for the last couple of 
years, he has been trying to solve a mystery: 
Why do the world’s most stress-resistant 
soybean types hail from a little village in 
far-northern Sweden? 

Stress resistance is a rare commodity in 
soybean, but these Swedish varieties put 
up with a host of problems—drought, iron 
deficiency, toxic soil aluminum and salts, 
and even high levels of ozone. 

Although Sweden is not known for its 
soybean production, Swedish breeders 
made a major breakthrough—but one that 
went unnoticed for decades by the soybean 
community and even by the breeders. 

“We now know that they did something 
very right. The mystery is how,” Carter says.

Carter, who is in the ARS Soybean and 
Nitrogen Research Unit at Raleigh, North 
Carolina, has long been interested in breed-
ing for stress resistance. Ozone resistance 
has become his most recent interest, in large 
part because of his collaboration with ozone 

expert Kent Burkey, a plant physiologist 
in the ARS Plant Science Research Unit 
at Raleigh.

Their stress studies led the scientists to 
the treasure trove of genetic resistance in 
Swedish soybeans, which appear to have an 
even more pronounced resistance to ozone 
than to the other stresses. Understanding 
the ozone effect may be a key to unraveling 
the secrets of the broad stress resistance of 
the Swedish soybeans.

Tracing the American Soybean’s  
Family Tree

Carter uncovered the resistance mystery 
after analyzing thousands of soybean 
types to generate the family tree of North 
American soybeans. From this, he found 
30 ancestors, which together account for 
92 percent of the genetic material in North 
American soybeans.

Carter screened these ancestors first 
for salt tolerance. He found two lines of 
vegetable soybeans—Fiskeby 840-7-3 
and Fiskeby III, both from the Swedish 
village of Fiskeby—that were the most salt 

tolerant. Then he screened for aluminum 
tolerance, and again the Fiskeby plants 
stood out.

“Then, my colleagues and I saw the 
same thing with drought tolerance and 
ozone” and realized a pattern had emerged, 
Carter says.

ARS scientists in Raleigh and in Urbana, 
Illinois, study how increases in atmospheric 
greenhouse gases, particularly carbon diox-
ide and ozone, will affect crops, especially 
soybeans and wheat.

To screen the ancestors for ozone toler-
ance in a 2003 to 2005 study, Carter turned 
to Burkey for help. The two scientists 
combined the results of this study with 
breeder pedigree records and found that 
only a few U.S. cultivars trace their an-
cestry to the Fiskeby stress-tolerant types. 
“This indicates that there is great potential 
to increase tolerance to ozone and other 
stresses in North American soybeans by 
adding genes from Fiskeby,” Burkey says.

He and Carter and Jim Orf, a soybean 
breeder/geneticist at the University of Min-

Soybean breeder and geneticist Tommy Carter inspects research plots during extreme drought stress at the North Carolina State Sandhills Research 
Station. Carter evaluates approximately 25 acres (5,000 plots) of soybean for drought/stress resistance annually. 
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nesota at St. Paul, have crossed Fiskeby III 
with ozone-susceptible Mandarin Ottawa 
and developed 240 breeding lines from the 
offspring. With the help of funding from 
the United Soybean Board, in Chesterfield, 
Missouri, the team is mapping the genes 
in these lines to see which genes are con-
nected to resistance to ozone and the other 
stresses.

“This approach can be applied to other 
soybean-producing regions such as China, 
Brazil, and Europe,” says Burkey. “Their 
breeding programs, in turn, may offer us 
other important germplasm to explore for 
ozone tolerance genes.”

Cell Wall the First Line of  
Ozone Defense

Ozone enters leaf stomata as a gas and 
then dissolves in the liquid layer, called 
the “apoplast,” that surrounds plant cells. 
The apoplast is considered the first line of 
defense against pollutants, where ozone 
can be detoxified before it reaches the 
leaf cell surface and causes the damage 
that interferes with photosynthesis and 
reduces yields.

In the search for ways to improve crop 
ozone tolerance, Burkey and Cosima 
Wiese—associate professor of biology 
at Misericordia University in Dallas, 
Pennsylvania—recently began studying 
Fiskeby to see whether leaf apoplast 
antioxidants might be at least part of 

Fiskeby’s defense against ozone. Burkey 
and others have found that, in certain other 
species, vitamin C plays a role in keeping 
ozone from penetrating through the cell’s 
first line of defense. But soybean contains 
little vitamin C in the leaf apoplast, so they 
are looking for other antioxidants that may 
play a role.

Breeding Ozone-Tolerant Crops
ARS scientists in Urbana are taking a 

slightly different, but complementary, ap-
proach to the work of the Raleigh scientists. 
They are using SoyFACE (Soybean Free 
Air Concentration Enrichment) to screen 
soybean varieties for ozone tolerance and 
sensitivity. SoyFACE involves testing 
plants in open-air field conditions, under 
atmospheric conditions predicted for the 
year 2050. At that time, ozone concentra-
tions are expected to be 25-50 percent 
higher than today’s concentrations.

The work is being done by molecular 
biologist Lisa Ainsworth, Amy Betzel-
berger, a graduate research assistant in the 
Department of Plant Biology at the Uni-
versity of Illinois at Urbana-Champaign, 
and geneticist Randall Nelson and other 
ARS colleagues at Urbana.

During 2007 and 2008, the team tested 
10 soybean varieties that had been released 
between 1952 and 2003. These were se-
lected from initial tests of 22 cultivars and 
experimental lines that had been evaluated 
for 4 years. The scientists found that, on 

average, exposure to 
82 parts per 

Ozone is a greenhouse gas found 
in smog. It is formed mostly when 
sunlight “cooks” automotive and in-
dustrial pollutants that originate from 
combustion of carbon-based fuels.
Ozone is the most damaging air 
pollutant to plants.
Fitz Booker, an Agricultural Re-
search Service plant physiologist 
at the Plant Science Research Unit 
at Raleigh, North Carolina, says, 
“Ozone has long been known to 
affect a wide range of plants, includ-
ing grasses, field crops, horticultural 
crops, and forests. Our research and 
that of other scientists has shown 
that many crops and forages are 
damaged by high ozone levels, 
including soybeans, wheat, cot-
ton, oats, potatoes, rice, peanuts, 
tomatoes, grapes, alfalfa, clover, 
and barley.”
In fact, during the 1950s, Howard 
Heggestad (deceased) discovered 
that what were thought to be symp-
toms of a plant disease on tobacco 
leaves in the smoggy Connecticut 
River Valley was actually damage 
from ozone. In the Washington, 
D.C., area, he found similar damage 
to plants from ozone in smog. At the 
time, Heggestad was an ARS plant 
pathologist.
Globally, yield losses from ozone 
have been estimated at $14 to $26 
billion for rice, soybean, corn, and 
wheat combined.—Don Comis, 
ARS.

At the ARS Soybean and Nitrogen Research unit 
in Raleigh, North Carolina, Tommy Carter (right)
and plant physiologist Kent Burkey 
examine a Fiskeby soybean 
ancestor being placed 
in greenhouse exposure 
chambers to assess its 
ozone injury response.

Ozone:  
Plants Don’t Like It
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billion (ppb) ozone reduced soybean yields 
by 23 percent in 2007, and exposure to 61 
ppb reduced yields by 12 percent in 2008. 
They found significant differences in ozone 
tolerance among the 10 varieties. “But we 
didn’t see any significant improvement 
in ozone tolerance in soybean varieties 
released after the 1980s,” Ainsworth says. 
This again shows the potential and need 
for breeding more ozone-tolerant varieties.

Ozone Damage Seen From Above
In a 2002 to 2006 study led by the 

National Aeronautics and Space Admin-
istration, NASA scientists, Ain-
sworth, ARS plant physiologist 
Fitz Booker, and university sci-
entists investigated widespread 
ozone damage to soybeans in 
Iowa, Illinois, and Indiana using 
ozone surface monitors, satel-
lite instruments, and historical 
yield data. Ainsworth says that 
satellite information is useful for 
investigating ozone’s impacts 
on crop yields in areas without 
ground-monitoring networks, 
such as rural regions. “Satellite 
observations of farmland in 
other countries could provide 

ARS scientists Carl Bernacchi (left), 
Don Ort (center), and Lisa Ainsworth 
in a plot of soybeans treated with 
elevated carbon dioxide at the 
SoyFACE Global Change Research 
Facility at the University of Illinois 
Research Farm in Urbana. 

To assess oxidative stress in soybeans grown at 
SoyFACE under elevated ozone concentrations, 
ARS molecular biologist Lisa Ainsworth (back) 
and graduate student Kelly Gillespie use a liquid-
handling robot to perform a high-throughput 
assay. 

PEGGY GREB (D1550-1)

important insight into the global extent of 
this problem,” she adds.

In the study, the scientists found that 
ozone levels above 50 ppb could reduce 
yields by about 10 percent in the Midwest 
Corn Belt, costing more than $1 billion in 
lost crop production.

Their findings are consistent with those 
from their SoyFACE studies and studies 
in outdoor open-top chambers.

Ozone levels in most urban areas of 
the United States have declined with 
improvements in emission controls. 

But ozone levels are expected to rise in 
countries like India and China, as growing 
populations are able to afford more cars 
and build more power plants. Another 
concern is that ozone levels will rise in 
developing countries, where people can 
least withstand losses of staple crops such 
as rice and wheat.

“All this research promises to give breed-
ers the tools they need to help farmers by 
providing them with more ozone-hardy 
crop varieties. This is great science with 
a solid application, the goal of all ARS 
research,” Carter says.—By Don Comis, 
ARS.

This research supports the USDA prior-
ity of responding to climate change and is 
part of Climate Change, Soils, and Emis-
sions (#212) and Plant Genetic Resources, 
Genomics, and Genetic Improvement 
(#301), two ARS national programs de-
scribed at www.nps.ars.usda.gov.

To reach scientists mentioned in this 
story, contact Don Comis, USDA-ARS 
Information Staff, 5601 Sunnyside Ave., 
Beltsville, MD 20705-5129; (301) 504-
1625, donald.comis@ars.usda.gov.*
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Plant physiologist Fitzgerald Booker 
prepares to place an optical scanner 
into a tube positioned in the soil to 
photograph soybean roots. The photos 
will show changes in root growth caused 
by elevated carbon dioxide and ozone,  
pumped into the open-top field chambers.
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Experiments by Agricultural Research Service scientists at Raleigh, North 
Carolina, and Urbana, Illinois—and their university colleagues—have shown 
that future higher levels of ozone may cancel out some of the benefits to crops 
expected from higher carbon dioxide (CO2) levels.
For one thing, crops wouldn’t achieve the 30-percent increase in photosyn-
thesis—and resulting higher yields—expected as CO2 levels continue to rise.
The scientists have also found that ozone can thwart expected high CO2 
benefits by lowering crop quality. It can also help invasive weeds outcompete 
forage and other crops.
“We are beginning to look at interactions between ozone and diseases such as 
stripe rust and stem rust of wheat,” says David Marshall, research leader of the 
Plant Science Research Unit at Raleigh, and an expert on wheat rusts.—By 
Don Comis, ARS.

Ozone Erodes CO2 Benefits for PlantsOzone Erodes CO2 Benefits for Plants
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To the public, air quality and agriculture 
may not seem that connected. There are, 
however, critical interactions between 
farming and the atmosphere—from dust 
storms to emissions from agrochemicals 
and animals to carbon dioxide impact on 
yield. In some cases, we are just beginning 
to scientifically understand these interac-
tions and how they can be managed.

The impacts of agriculture on the at-
mosphere must be mitigated, especially 
when there is a risk to soil, water, and air 
quality or to human and animal health. For 
the farmer, emissions from agrochemicals, 
especially nitrogen, also constitute an eco-
nomic loss. Limiting economic losses as 
well as environmental impacts requires new 
technologies and information to manage 
and ultimately reduce emissions.

The Agricultural Research Service re-
search program for air quality is focused on 
developing such understanding and tech-

nologies through many projects, which fall 
under national programs including Climate 
Change, Soils, and Emissions (#212), Ag-
ricultural and Industrial Byproducts (#214), 
and Food Animal Production (#101).

Research priorities are set through input 
from customers and stakeholders, includ-
ing other federal agencies such as the 
USDA Natural Resources Conservation 
Service, the U.S. Environmental Protection 
Agency, the Agricultural Air Quality Task 
Force Federal Advisory Committee, and the 
agricultural air-quality science community.

ARS seeks to understand, predict, and 
manage emissions from plant and animal 
operations and postharvest processing 
systems. There is a notable lack of emis-
sions data from production and processing 
facilities. Existing data is often limited to 
short time periods and small areas, which in 
turn limits our ability to asses the effects on 
local and regional ecosystems and regional 

air quality. Whole-farm emissions assess-
ments are virtually absent. Consequently, 
policymakers are hard-pressed to develop 
regulations based on science.

ARS is working to develop the ability to 
characterize emissions of soil particulates, 
volatile organic chemicals, pesticides, 
nitrogen, and greenhouse gases, and to 
identify their sources. Process-simulation 
models that can run on easily collected 
data are being developed and will provide 
the foundations for decision-support tools.

Air quality also affects crop growth and 
yield, so ARS researchers are working to 
understand how to increase the resilience 
of agriculture to atmospheric changes such 
as increasing ozone and carbon dioxide.

ARS air-quality researchers have formed 
an Air Quality Researchers Working group 
to better coordinate research across pro-
grammatic and scientific disciplines. Col-
lectively, these scientists are addressing 
the need for standardized measurements, 
building a database, and planning joint 
research activities to leverage financial and 
expertise resources. This effort includes 
creating mobile instrumentation facilities, 
such as those used for measuring partic-
ulate-matter emissions, and a lightweight 
lidar system suitable for detecting and 
measuring emissions over entire farms. 

Part of this working group is focused 
on emissions of greenhouse gases from 
animal systems, thus merging the strengths 
of air-quality research science with the suc-
cessful GRACEnet project. GRACEnet is 
a nationwide research program to identify 
agricultural practices that will reduce ag-
ricultural greenhouse gas emissions and 
enhance soil carbon sequestration and 
provide a sound scientific basis for carbon 
credit trading programs.

Agriculture must continually increase 
production in an environmentally friendly 
way to meet increasing global 
need for food and other 
products from renewable 
resources. Research is 
the most promising way 
to achieve these goals. 
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